We propose that compositionally diverse, gravitationally unstable pyroxenites both drive "dripping" of the lower lithosphere and are the source of the resulting melt. We also postulate that mantle-derived lavas erupted on the Puna Plateau were generated during localized foundering and melting of these materials. The cumulative effect of these drip events is a modern Puna Plateau with geodynamic anomalies including thin lithosphere and anomalously high surface elevation.
INTRODUCTION
In the central Andes, extensive differentiation and crustal mixing in Neogene arc magmas has obscured the composition of the regional mantle (Davidson et al., 1991) , which restricts our understanding of Andean lithospheric evolution and arc petrogenesis (Thorpe et al., 1984; de Silva, 1989; Hildreth and Moorbath, 1988; Rogers and Hawkesworth, 1989; Davidson et al., 1991; Francis and Hawkesworth, 1994; Beck et al., 1996; Haschke et al., 2006; Lucassen et al., 2007; Kay and Coira, 2009; Mamani et al., 2010; Risse et al., 2013; Kay et al., 2013; Ducea et al., 2013) . Mantle-derived mafi c lavas erupted onto the Puna Plateau ( Fig. 1 ) since 10 Ma are the most direct evidence for late Cenozoic upper-mantle composition. These lavas are thought to be the product of late Cenozoic loss of dense lower lithosphere (Kay et al., 1994) , a process commonly referred to as lithospheric foundering or delamination Göğüş and Pysklywec, 2008) . Recycling of lithospheric material into the convecting upper mantle is required by chemical and mass balance in cordilleran orogens like the central Andes (Rudnick, 1995) and is hypothesized to play a key role in Andean geodynamic evolution (Kay et al., 1994; Beck and Zandt, 2002; Schurr et al., 2006; Garzione et al., 2006; DeCelles et al., 2009; Pelletier et al., 2010) .
If lithospheric loss generated the Puna mafi c lavas, then the scale of individual foundering events, the mantle material(s) that melted in response, and the relationship between these parameters and the composition of resulting melts remain equivocal. Kay et al. (1994) proposed a model for "delamination magmatism" based on trace-element compositions of the Puna mafi c lavas, regional geophysical data, and structural observations. They used geographic trends in K and La/Ta values as an indicator of (1) the relative proportions of asthenospheric melt generated below different parts of the Puna Plateau, and/or (2) variability in the "arclike" chemistry of the mantle source as a result of delamination. This trace-element interpretation required that the lavas were generated from a relatively homogeneous asthenospheric mantle peridotite that adiabatically upwelled and melted in the wake of a large foundering block of lower lithosphere . However, if K and La/Ta values fi ngerprint extensive replacement of the lower lithosphere by upwelling asthenosphere, then there should be other systematic trends in the elemental and isotopic values in Puna primitive lavas. This has been observed in other orogens (e.g., Iberian Massif-Gutierrez-Alonso et al., 2011; Canadian cordillera- Manthei et al., 2010) . Instead, Kay et al. (1994) and subsequent studies of primitive Puna lavas (Kraemer et al., 1999; Drew et al., 2009; Risse et al., 2008 Risse et al., , 2013 have Schnurr et al. (2006) , with sample locations and regional names from this study.
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reported a striking decoupling of whole-rock major-element, trace-element, and isotopic compositions. This compositional complexity has been attributed to variable re-enrichment of the mantle source by metasomatism or subduction erosion (Risse et al., 2013 , and references therein), preserved pieces of enriched Paleozoic subcontinental lithospheric mantle (Drew et al., 2009) , or minor to moderate amounts of crustal contamination (up to 20%-25%; Kay et al., 1994; Risse et al., 2013) . If we consider that the lower crust and lithospheric mantle beneath long-lived cordilleran systems would tend toward and experience foundering because of profound heterogeneities in age, composition, and temperature (Elkins-Tanton, 2007) , we evidently need better ways to clarify the links between lava composition and the materials driving foundering events.
Here, we fi nd that the compositional complexity of Puna mafi c lavas offers a critical insight into the processes driving melting in the Puna mantle. Considered together with high Zn/Fe T values in the most primitive lavas , which require dominantly clinopyroxene (±garnet)-bearing source compositions, the trace-element and Nd-Sr isotopic data suggest that heterogeneous lithospheric material, and not asthenosphere, is the primary source of these lavas. This contribution expands upon Ducea et al. (2013) by presenting and interpreting the full trace-element and Nd-Sr-Pb isotopic data set for the 26 Puna lava samples used in that study. These results suggest that if lithospheric foundering is generating the Puna mafi c lavas, then individual foundering "drips" must be small enough not to homogenize the Puna upper mantle or drive signifi cant melting of the peridotitic asthenosphere. This likely precludes rapid, large-scale, and catastrophic loss of the Puna lower lithosphere. Additionally, we postulate that localized "dripping" of the lower lithosphere is a common result of localized, regular accumulation of dense lithospheric residues, and that the Puna lavas are evidence of a routine process in active central-Andean-type orogens over geologic time scales.
GEOLOGIC BACKGROUND

Composition of the Central Andean Upper Mantle
In the Andean Northern and Southern Volcanic Zones, there is a clear depleted mantle end member in the Nd and Sr isotopic compositions of arc volcanics (Davidson et al., 1991) . In the Central Volcanic Zone, however, the depleted mantle is not evident, either because (1) it is obscured by prolonged differentiation and crustal mixing, or (2) it is not present in signifi cant volumes. Additionally, there is probably no single upper-mantle composition in the Central Volcanic Zone because the region has been an active convergent margin throughout the Phanerozoic. Multiple phases of pre-Andean terrane accretion, arc magmatism, and deformation (Ramos, 2009 , and references therein) likely generated lithosphere-scale chemical heterogeneities.
The only mantle xenoliths found in the Andes between 22°S and 28°S are from the Cretaceous Salta Rift volcanics, most notably in Las Conchas valley (~26°S; Lucassen et al., 2005 Lucassen et al., , 2002 Viramonte et al., 1999 ) located east of the Puna Plateau. Their compositions suggest signifi cant mantle diversity beneath the central Andean margin during the Cretaceous. At that time, the active Andean magmatic arc, the active Andean magmatic arc was centered ~100 km west of its modern position, and this continental rift system was active in the back arc and foreland (Viramonte et al., 1999) . The Las Conchas xenolith suite presented by Lucassen et al. (2005) is composed of peridotites (spinel lherzolites and harzburgites with 2%-18% calculated modal clinopyroxene) and minor pyroxenites; there are no garnet-bearing xenoliths. Although many of these xenoliths and the basanite fl ows that host them are clearly sourced from the depleted mantle (ε Nd > 0, 87 Sr/ 86 Sr < 0.704), there are also many peridotite and pyroxenite samples with elemental and isotopic variability suggesting that diverse mantle sources were tapped by the riftinduced melting (Lucassen et al., 2005) . These heterogeneities are likely more profound in closer proximity to the continental margin to the west.
Lithospheric Foundering and Melt Generation
Foundering of dense lithosphere into the asthenosphere has been invoked to explain "missing" lower crust and lithospheric mantle in regions that have undergone signifi cant crustal shortening and/or batholith-producing magmatism (Ducea, 2001 , and references therein). Lithospheric foundering also has the potential to modulate the shape, volume, and surface elevation of orogenic wedges (DeCelles et al., 2009 ). There are two end-member models (Göğüş and Pysklywec, 2008) for the process in which gravitational instabilities lead to either peeling away (i.e., delamination; Bird, 1979; Kay and Kay, 1993) or convective dripping (i.e., Rayleigh-Taylor instabilities; Houseman et al., 1981; Jull and Keleman, 2001 ) of dense material in the lower lithosphere. Cordilleran magmatic arcs tend toward lithospheric foundering because ocean-continent convergence (1) generates lithospherescale structures and temperature inversions during crustal shortening; (2) produces large volumes of melt and dense residues (Ducea and Barton, 2007) ; and (3) brings crustal material to pressures and temperatures suffi cient to produce dense phases and low-viscosity zones Elkins-Tanton, 2005) . Geophysical observations in the central Andes (Beck and Zandt, 2002; Yuan et al., 2002; Schurr et al., 2006; Bianchi et al., 2013) and the Sierra Nevada (Zandt et al., 2004; Frassetto et al., 2011) suggest that lithospheric removal is happening today. Numerical modeling has identifi ed possible links and relative timing of orogen-scale responses to foundering events (Houseman and Molnar, 1997; Molnar and Garzione, 2007; Elkins-Tanton, 2005 , 2007 Pelletier et al., 2010; Pysklywec and Cruden, 2004; Göğüş and Pysklywec, 2008) . In the central Andes, proposed foundering events have been of particular interest to workers in the region who report changes in regional strain orientation and heat fl ow, and apparent fl uctuations in the rates of crustal shortening, faulting, surface uplift, and sedimentation (England and Houseman, mwr212-08 1st pgs page 142 1989; Kay et al., 1994; Garzione et al., 2008; DeCelles et al., 2009; Schoenbohm and Strecker, 2009) .
The mafi c volcanic record has been used to support other geological evidence for proposed lithosphere-removal events in a variety of tectonic settings, including the Colorado Plateau (Bird, 1979; Crow et al., 2011) , Sierra Nevada (Farmer et al., 2002; Ducea, 2002) , Iberian Massif (Gutierrez-Alonso et al., 2011), central Andes (Kay et al., 1994) , Tibet (Chung et al., 2009) , and Canadian cordillera (Manthei et al., 2010) . Foundering is thought to generate mantle melts because foundering pieces of lithosphere make space for mantle asthenosphere to upwell, melt via decompression, and advect heat toward the base of the remaining lithosphere Kay et al., 1994; Ducea and Saleeby, 1998) . This convective overturn of the lower lithosphere should change the elemental and isotopic composition of the mantle source region and create a geochemical fi ngerprint (Ducea, 2011) . This has been documented in the Iberian Massif (Gutierrez-Alonso et al., 2011) , Sierra Nevada (Ducea and Saleeby, 1998) , and Canadian cordillera (Manthei et al., 2010) . Melts could also be generated directly from the descending lithosphere, which could expel fl uids into the mantle asthenosphere and/or cross the melting solidus prior to reaching thermal equilibrium with the upper mantle (Elkins-Tanton, 2007) . When conditions conspire to destabilize the lower part of the lithosphere, the style of detachment, volume and composition of foundering material, and the time scale of its removal should all contribute to the volume and chemistry of the resulting melt.
In active convergent margins like the Andes, subductionzone melt production in the mantle wedge and subsequent assimilation, storage, homogenization, and fractional crystallization (Hildreth and Moorbath, 1988) during magma migration through the lithosphere modulate the composition and volume of arc magmas. It is critical to consider possible contributions from all these processes when interpreting trace-element and isotopic results in primitive cordilleran arc lavas.
South-Central Andean Arc
The southern part of the Central Volcanic Zone (~22°S-27°S) preserves a >150 m.y. record of arc magmatism, during which time there were periodic variations in magma chemistry over 10 5 to 10 8 m.y. time scales (Haschke et al., 2006; DeCelles et al., 2009) . To explain these trends, workers have proposed models of repeated episodes of slab shallowing and breakoff (Haschke et al., 2006) in conjunction with other dynamic processes in the cordillera, including plateau formation, crustal thickening, and fold-and-thrust belt propagation (Ramos, 2009) . DeCelles et al. (2009) proposed that this periodicity refl ects cordilleran cyclicity controlled by retroarc thrusting, melt production, and lithospheric foundering. Perturbations in the timing, locus, and volume of melt production in the mantle wedge are related to the evolution of the orogen as a whole. Today in the south-central Andes, the overriding plate's great lithospheric and crustal thickness (>60 km thick crust in some regions; Yuan et al., 2002; Tassara and Echaurren, 2012) impedes magma migration and thus facilitates prolonged thermal and chemical interactions between the crust and magmas derived from melting in the mantle wedge (Thorpe et al., 1984; Hildreth and Moorbath, 1988; Davidson et al., 1991; Kay and Coira, 2009; Mamani et al., 2010) . Since the Jurassic, the axis of the central Andean arc has migrated east ~250-350 km (Stern, 1991; Haschke et al., 2006) . A corresponding amount of forearc crust has been removed, likely by subduction erosion. Some workers attributed the evolved compositions in central Andean lavas to this material being incorporated into arc magmas (Stern, 1991; Kay et al., 2013) . The north-to-south transit of the Juan Fernández Ridge through this region during the Miocene (Yáñez et al., 2001) could have affected the dip of the subducting slab and related magmatism (Kay and Coira, 2009) , though it does not appear to have generated a gap in volcanism as is observed today where the ridge subducts in the Chilean-Pampean fl at slab region .
Neogene central Andean volcanics can be broadly divided into three categories based on volume, major-element composition, and eruptive style: (1) andesitic-dacitic stratovolcanoes along the modern arc front in the Western Cordillera (Fig. 1A) , of which 44 are active today (de Silva and Francis, 1991) ; (2) intermediate to silicic ignimbrite fl ows erupted from largevolume (>1000 km 3 ) caldera-forming eruptions, including the mid-Miocene to Pliocene Altiplano-Puna volcanic complex (APVC, Fig. 1A ; de Silva, 1989); and (3) low-volume primitive lavas erupted east of the modern stratovolcanoes on both the Altiplano and Puna Plateaus (Fig. 1B) , a subset of which were sampled for this study. These categories are not necessarily exclusive of each other (e.g., Volcán Ollagüe; Mattioli et al., 2006) , but they do provide a useful framework for discussing the diversity of melt compositions and scenarios that produced them.
Volcanism on the Puna Plateau
The Puna Plateau (Fig. 1B) comprises a series of internally drained basins structurally bounded by uplifted blocks of Paleozoic plutonic and metasedimentary rocks (Allmendinger et al., 1997) through which Neogene-Quaternary volcanics erupted. The Puna is higher in mean elevation (~4000 m) and more structurally dissected than its northern continuation in Bolivia and Peru, the Altiplano (~3000 m; Whitman et al., 1996) . All categories of Andean volcanics, as described previously, are common in the study area, including stratovolcanoes in the Western Cordillera, calderas and cones developed along NW-SE-trending lineaments (Matteini et al., 2002) , a volcanic center at Cerro Tuzgle in the northern Puna (Coira and Kay, 1993) , the Cerro Galan caldera complex (Francis et al., 1989) , other silicic ignimbrites (Schnurr et al., 2007; Kay et al., 2010) , and the mafi c, small-volume lavas of interest to this study (Francis et al., 1989; Knox et al., 1989; Déruelle, 1991; Kay et al., 1994; Kraemer et al., 1999; Drew et al., 2009; Risse et al., 2013; Ducea et al., 2013) .
Where dated, the small-volume mafi c fi ssure fl ows and cinder cones on the Puna Plateau are late Miocene to Pleistocene mwr212-08 1st pgs page 143 or younger in age (7.3 to <0.1 Ma) and appear to have peaked in activity in the early Pliocene (Risse et al., 2008 (Risse et al., , 2013 . The lavas are scattered across the plateau, occasionally grouped into volcanic fi elds, and are only present east of the modern arc stratovolcanoes. Some fl ows and cones are clearly associated with strike-slip and extensional faults (Marrett and Emerman, 1992; Zhou et al., 2013) .
The original interpretation of these lavas as products of delamination magmatism (Kay et al., 1994 ) relied on geophysical, structural, and geochemical data from the Puna Plateau. These data fi t a model in which the asthenospheric mantle played a critical role in melt generation. The Puna lithosphere is anomalously thin, the plateau has a high surface elevation today, and the Puna mafi c lavas are associated with normal and strike-slip faults that record a period of regional horizontal extension contemporaneous with eruption (Kay et al., 1994 , and references therein). The presence of primitive lavas erupted in the midst of a cordilleran arc is itself an important piece of evidence for lithospheric foundering, as it requires some mechanism(s) for circumnavigating the prolonged residence time in the crust and resulting magma evolution that dominates all other Andean lavas. There is a roughly bull's-eye pattern in the Puna lava geochemistry in the major element K, and the trace elements Ba, Ta, and La centered ~26°S (Fig. 1B) . At the center of this pattern (the Antofagasta Basin), the mafi c lavas have relatively low K compositions and values of La/Ta < 25; on the perimeter of this pattern, the lavas are higher K and have values of La/Ta > 25. Kay et al. (1994) interpreted this pattern to be evidence of (1) differences in the relative percent melt in the asthenosphere beneath the Puna Plateau, because smaller volumes of melt have higher concentrations of incompatible elements (La, K; higher La/Ta), and (2) the strength of the subduction zone infl uence on the mantle source, because arc magmas tend to be enriched in large ion lithophile elements (Ba, K) and depleted in high fi eld strength elements (Ta). The authors attributed this pattern to a delamination event: At the locus of lithospheric loss, there was greater melt generation and signifi cant infl ux of non-slab-fl uid-enriched asthenosphere, whereas on the edges of the event, less upwelling and melting occurred. Kay et al. (1994) labeled the low La/Ta lavas at the center of this pattern "OIB-like" (ocean-island basalt-like) or "intraplate" because of some chemical similarities to Pacifi c hotspot basalts (Knox et al., 1989) . The higher La/Ta lavas were labeled "back-arc calc-alkaline," because their trace-element composition is typical of arc magmas.
Although the geographic patterns observed by Kay et al. (1994) are noteworthy, the nonsystematic variability in most aspects of the lavas' elemental and isotopic chemistry is arguably a more important characteristic of these fl ows. The Sr and Nd data from these lavas exemplify this variability. The Puna mafi c lavas have the same range of Nd and Sr isotopic compositions as the regional stratovolcanoes, and no clear geographic pattern (Kay et al., 1994; Drew et al., 2009) . In these lavas, increasing SiO 2 composition generally corresponds with more radiogenic Sr and Nd isotopic compositions, which is consistent with 20%-25% crustal mixing (Kay et al., 1994; Risse et al., 2013) . However, if crustal mixing is in part responsible for the observed isotopic variability in the more-evolved lavas, then a more subtle and nonsystematic contamination of the trace elements in even the most primitive (i.e., highest wt% MgO) lavas is possible (Glazner and Farmer, 1992) . Drew et al. (2009) Risse et al. (2013) preferred an alternative explanation in which the Puna upper mantle has experienced re-enrichment since the Miocene due to subduction erosion and foundering. Recently, Ducea et al. (2013) proposed that foundering pieces ("drips") of dense lithosphere melt as they descend into the asthenosphere and are the source of the Puna mafi c lavas. Whereas attributing the trace-element and isotopic complexities of these lavas to melting drips of compositionally diverse lithospheric material does not resolve whether this enriched lithospheric material is remnant Paleozoic lithospheric mantle or younger mantle re-enriched by subduction-related processes, it does suggest a solution to the larger question of what is driving mantle melting beneath the Puna region and how that could be related to the evolution of the orogen.
In light of these complexities, we use an emerging approach for relating the elemental composition of mantle-derived lavas to the modal mineralogy of their primary source: ratios between fi rst-row transition elements.
Zn/Fe T Values
Recent development of the fi rst-row transition elements (the major elements Mn and Fe and trace elements Zn, Co, Ni) as tracers of the mineralogical composition of the sources of midocean-ridge basalt (MORB) and ocean-island basaltic (OIB) lavas , 2011 Lee et al., 2010 ) offers a promising new approach to fi ngerprinting the sources of mantle-derived lavas erupted through the continental crust. Experimental results , 2011 suggest that if a mantle lithology is peridotitic (i.e., olivine and orthopyroxene are the dominant phases), then when melting occurs, there is minimal fractionation of Zn, Fe, and Mn. The melt will have the same Zn/Fe T and Mn/Fe T values as its source, and subsequent fractional crystallization of olivine will not modify these values in the resulting basaltic magma. In contrast, if clinopyroxene or garnet dominates the modal mineralogy in the mantle source, then these elements will fractionate during melting and generate magmas with higher Zn/Fe T values than the source.
We use the Zn/Fe T value as a basis for our interpretation of the Puna mafi c lavas because it offers a different approach than traditional trace-element ratios and connects Puna lava chemistry to the mantle materials hypothesized to play a key role in lithospheric foundering. Elemental ratios ) are useful in two ways: First, they offer a tool for distinguishing between mantle-derived magmas sourced from peridotite (dominantly olivine and orthopyroxene; Zn/Fe T × 10 4 = 9 ± 1) or pyroxenite (dominantly clinopyroxene with or without garnet; Zn/FeT × 10 4 = 13-20; Le Roux et al., , 2011 . This is a critical consideration in the Puna region because it can help distinguish between asthenospheric and lithospheric melt sources. Second, this value is less susceptible to cryptic crustal contamination (Glazner and Farmer, 1992) than other commonly used elemental ratios because Fe is a major element.
SAMPLES AND METHODS
The 26 lavas described in this study are from the central and southern Puna Plateau and were targeted for sampling to supplement and expand upon the data set presented by Drew et al. (2009) . Olivine thermometry analyses and interpretations from these samples are reported in Ducea et al. (2013) . Geographically, the study area can be divided into four regions (Fig. 1B): (1) Chorrillos, in the northeastern corner of the Puna Plateau, (2) Salar de Arizaro in the northwestern Puna region, (3) Antofagasta Basin, just northeast of the Salar de Antofalla in the central Puna Plateau, and (4) Pasto Ventura, on the southern margin of the plateau.
Samples were prepared for analysis at the University of Arizona and analyzed at the University of Arizona and Washington State University. Fresh samples with no visible weathered surfaces and/or secondary minerals were powdered in an Al 2 O 3 -lined crusher. The GeoAnalytical Laboratory in the School of Earth and Environmental Sciences at Washington State University used aliquots for major-and trace-element analysis by X-ray fl uorescence (XRF; Johnson, 1999) and inductively coupled plasmamass spectrometry (ICP-MS; GeoAnalytical Lab Technical Notes, 2013). All isotopic analyses were performed at the University of Arizona, using thermal ionization mass spectrometry for Sr and Nd analysis, and multicollector (MC) ICP-MS in solution mode for Pb analysis (see Appendix).
In the XRF analyses for this study, all Fe was assumed to be Fe SiO 2 (wt%) Figure 2 . Major-element whole-rock data from Central Volcanic Zone lavas. Symbols are data from this study classifi ed by region and Mg composition (see text for classifi cation), and patterned fi elds are from a data compilation of Neogene volcanic rocks located 23°S to 27°S. This compilation includes other Puna mafi c lavas (Knox et al., 1989; Francis et al., 1989; Déruelle, 1991; Kay et al., 1994; Kraemer et al., 1999; Drew et al., 2009) , arc stratovolcanoes (Matthews et al., 1994; Trumbull et al., 1999; Rosner et al., 2003) , and large-volume ignimbrites of the Puna region (Schnurr et al., 2007; Siebel et al., 2001 ) in addition to the Altiplano-Puna volcanic complex, which is centered between 21°S and 24°S (Hawkesworth et al., 1982; de Silva et al., 1994; Ort et al., 1996; Lindsay et al., 2001) .
RESULTS
Rock Types
Most lavas sampled are basaltic andesites, but fi ve are andesitic and dacitic lavas, three are basaltic lavas, and the two samples from the Chorrillos region are basaltic trachyandesites that are shoshonitic (Table 1; Fig. 2 ). The samples in the suite form a high-K calc-alkaline trend typical of Neogene Central Volcanic Zone lavas (Fig. 2B) .
For clarity in the following discussion, we divide the most primitive Puna lavas into two categories based on wt% MgO and magnesium number (Mg#; Table 1), which are useful benchmarks for identifying mantle-derived magmas. The mot selective "high-Mg" group has lavas with MgO >8.0% (n = 5), whereas mwr212-08 1st pgs page 149 the "primitive" group has lavas with MgO <8.0% but Mg# >60 (n = 12). The high-Mg-group lavas are most reliable for robust Zn/Fe T interpretation because the compositions are closest to primary melt compositions . Trends in this select group help elucidate patterns evident in the larger suite that includes both the high-Mg and primitive-group lavas. All other lavas are in an "evolved" group (n = 9). We apply the same classifi cations to the compiled data from published Puna mafi c lava studies (only those that report Zn values; Drew et al., 2009; Risse et al., 2013; Guzmán et al., 2006) .
The high-Mg group from this study is composed of samples Az7 from Arizaro and Ns1, Ns2, J1, and ALB01 from Antofagasta. These lavas have MgO 8.06%-9.25% and Mg# from 63 to 68 (Table 1) . They also have Ni concentrations of 127-217 ppm and Cr concentrations of 323-573 ppm, consistent with mantle-derived melts that have experienced only minor differentiation from primary melt compositions. The primitive-group lavas have MgO 6.14%-7.96%, 60-69 Mg#, Ni concentrations 83-179 ppm, and Cr concentrations 392-223 ppm (Table 1) . There are primitive-group lavas from each geographic region.
Petrography
In thin section (Fig. 3) , samples are commonly porphyritic and groundmass dominated; phenocrysts are dominantly olivine, clinopyroxene, and plagioclase, with minor orthopyroxene. Several of the evolved samples contain amphibole. Plagioclase is typically present only in the groundmass, which is dominated by plagioclase laths, 20-100 µm euhedral clinopyroxene crystals, and occasional broken olivine crystals. The groundmass commonly fl ows around phenocrysts. Quartz xenocrysts are present in two samples from Pasto Ventura (e.g., Fig. 3F ) and two samples from Antofagasta; all visible xenocrysts were avoided during sample crushing for geochemical analysis. Olivine phenocryst abundance generally corresponds with the whole-rock MgO wt% composition. Cr-spinels are common as inclusions in olivine phenocrysts. Many samples are vesicular, and some vesicles contain secondary calcite (Fig. 3C ).
Zn/Fe T
The Zn/Fe T (×10 4 ) values for the high-Mg-group and primitive-group lavas in this study are greater than 13 (Table 1 ; Fig. 4 (Drew et al., 2009; Risse et al., 2013; Guzmán et al., 2006) , have Zn/Fe T (×10 4 ) values >12. These values are signifi cantly higher than typical mantle peridotite and basaltic melts that would be generated from olivine-orthopyroxene-dominated sources (~9 ± 1; Le Lee et al., 2010) and are in the range expected of a source region dominated by clinopyroxene ± garnet. These values are not consistent with a peridotite mantle source (Fig. 4B ).
Elemental and Isotopic Results
The lavas sampled in this study have trace-element patterns typical of calc-alkaline arc lavas ( Fig. 5 ; Sun and McDonough, 1989; Hawkesworth et al., 1993) . There are enrichments in large ion lithophile elements (LILEs; Ba, Rb, K) and other subductionrelated elements (Th, Pb) and depletions in high fi eld strength elements (HFSEs; Nb, Ta, Ti). The strength of this "arc signature" varies regionally and by lava type, as does the steepness of the rare earth element (REE) pattern (i.e., La/Yb; Table 1 ; Fig. 6 ), magnitude of the Eu anomaly, and the Nd-Sr isotopic compositions ( Fig. 7; Table 2 ). Generally, Pb isotopes (Table 2) do not have signifi cant systematic trends within this suite and are consistent with the range of previously reported values in the region (Mamani et al., 2008) . In the following paragraphs, the elemental and isotopic results (Tables 1 and 2 ) are presented by region.
Pasto Ventura
The sampled fl ows in the Pasto Ventura region (n = 8) are primitive-group basaltic andesites. The samples have similar trace-element patterns (Fig. 5A) , including a signifi cant Ta-Nb depletion. The REE patterns of the Pasto Ventura lavas are also consistent: The La/Yb values are between 17 and 24 (Table 1) , and Eu anomalies are of similar magnitude (Fig. 6A) . In contrast, the Sr and Nd isotopic compositions of these lavas span almost the entire range of values in this study (Fig. 7A) . (Table 2) .
Antofagasta Basin
Lavas sampled around the Valle de Antofagasta are basalts and basaltic andesites in the high-Mg group (n = 4), as well as evolved-group andesites and dacites (n = 5). The high-Mg-group lavas are less enriched in Ba, Rb, Th, and K, and more enriched in the HFSEs compared to the andesitic and dacitic fl ows in Antofagasta, and also in comparison to the lavas in other regions (Fig. 5B) (Fig. 7) . Although the ε Nd values of the evolved-group lavas are more enriched as well (ε Nd = -3.1 to −7.0), they are not as enriched as would be expected from the regional isotopic trend (Fig. 7) . In these evolved Antofagasta samples, more radiogenic Sr compositions correlate with higher wt% SiO 2 , which suggests assimilation-fractional-crystallization processes during magma migration through the crust. This is in contrast to the primitivegroup Pasto Ventura samples PV3 and PV4, which also lie in an isotopic trend offset toward more radiogenic Sr but are not as evolved in composition. (Table 2) .
Salar de Arizaro
Lavas from around the Salar de Arizaro are in the high-Mg group (Az7), the primitive group (MC18, RG1), and evolved group (n = 4). The evolved-group lavas from this region are basaltic andesites (Table 1; Fig. 2 ). The La/Yb values of Arizaro lavas range from 11 to 31 (Table 1 ). The high-Mg lava has the lowest trace-element values (Fig. 5C ) and a fl atter REE pattern (Fig. 6C ) than the lavas from this or the other regions. Whereas the highMg-group lava from Arizaro has among the most primitive Nd and Sr isotopic compositions in the suite (ε Nd = -0.9; Sr values from 0.7065 to 0.7073, and those classifi ed in the evolved group have lower Sr isotopic compositions than the two lavas in the primitive group. In contrast, the ε Nd range is wider, from -1.1 to −6.4 (Table 2; Fig. 7A ). Neither Nd nor Sr isotopic patterns correspond to SiO 2 wt% (Figs. 7B and 7C) , suggesting that the variable isotopic composition is related to source variability rather than differentiation from a single source composition. (Table 2) .
Chorrillos
Samples MC11 and MC12 are basaltic trachyandesites, and their high-K compositions classify them as shoshonites (Fig. 2B) . They are distinct from the rest of the Puna suite in their trace-element and isotopic composition (Figs. 5D and 6D ) because they are more enriched overall in trace elements and have 
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the steepest REE patterns amongst the primitive-group and highMg-group lavas (La/Yb = 45, 43; Table 1 ). Sample MC11 has the greatest enrichment of trace elements relative to MORB of all the samples in this study, consistent with other studies of high-K shoshonites on the Puna Plateau (Déruelle, 1991; Kay et al., 1994; Guzmán et al., 2006) . These two samples have the most-evolved Nd isotopic values in the suite (ε Nd = −7.5, −8.0; (Table 2) .
DISCUSSION
The elemental and isotopic data from Puna mafi c lavas are variable and commonly poorly correlated, although the entire data set falls within the range of Central Volcanic Zone compositions (Figs. 2 and 7A) . In the following, we discuss this variability and how the high Zn/Fe T values of the Puna lavas suggest both an explanation and a corresponding model for melt generation during lithospheric foundering.
Lithospheric Heterogeneities and Consequences for Melt Generation
The trace-element compositions of Puna mafi c lavas have patterns typical of magmatic arcs, and several regional trends suggest the strength of this "arc signature" is the result of source variability. Trace-element ratios that track the magnitude of relative enrichments and depletions (i.e., Ba/Ta and La/ Ta, which compare LILE to HFSE and light [L] REE to HFSE, respectively) have a geographic pattern. The lavas from the Antofagasta region have the lowest values and thereby smallest magnitude of enrichment in LILEs and LREEs relative to HFSEs ( Fig. 8A ; see Kay et al., 1994) . Th/Nb values of Antofagasta lavas also suggest minimal subduction contributions. This Antofagasta is in the center of the study area and is the same distance from the arc front as Pasto Ventura, where high-Mggroup lavas have consistently more enriched trace-element compositions. Trace-element ratios that track the presence of garnet in the source, including La/Yb, Sm/Yb, and Hf/Sm (van Westrenen et al., 2011) , also have regional differences between the Antofagasta and Pasto Ventura lavas (Fig. 9) . All of these trends are clearest among the high-Mg-group lavas, (including those compiled from the literature; Fig. 8 ; Drew et al., 2009; Guzmán et al., 2006; Risse et al., 2013) . The regional distinctions are also present in the more variable primitive-group data. Kay et al. (1994) attributed the Ba/Ta and La/Ta geographic trends to postdelamination infl ux and melting of "OIB-like" asthenosphere beneath the Antofagasta region; however, the high Zn/Fe T values appear to preclude a dominantly asthenospheric mantle source for all the Puna lavas, including those from Antofagasta. There are no correlations between Zn/Fe T and La/Ta (Fig. 10A) or Th/Nb (Fig. 11A) . Additionally, the high-Mg-group Antofagasta lavas have the same range of Nd, Sr, and Pb isotopic compositions as the high-Mg-group lavas from the other regions, and there are no correlations between these isotopic values and La/Ta values (Figs. 10B, 10C, 10D) . Together, these observations suggest that while the lavas from the Antofagasta region are likely derived from a mantle source(s) depleted relative to mwr212-08 1st pgs page 155 those sourcing the other Puna lavas, this mantle material is likely not dominated by fresh upwelling asthenosphere, because such a source would be olivine-orthopyroxene-dominated peridotite, which would likely tap different isotopic reservoirs than the Central Volcanic Zone magmas.
The Zn/Fe T values offer a useful perspective on these complex data because they suggest a mantle-lithosphere-dominated (i.e., pyroxenite-dominated) source for the Puna lavas (Fig. 4B ). This is a key insight in two ways. First, it explains the nonsystematic compositional diversity of the Puna lavas because the lavas would be sourced from a central Andean mantle lithosphere that is a poorly mixed amalgamation of materials generated during Phanerozoic terrane accretion and orogenesis in the region. Second, if foundering of this lower lithosphere pyroxenite is the driver of Puna melt generation, then the pyroxenite itself would be more likely to melt than the asthenosphere upwelling to take its place, given the expected pressure-temperature (P-T) paths (Fig. 12A) . Before we explore the implications of this model for generating the Puna mafi c lavas (Fig. 12) , we fi rst discuss the Zn/Fe T results in more detail, assess the presence of garnet (and thereby eclogite) in the source, and consider the role of crustal contamination in generating compositional variability.
Possible Sources of High Zn/Fe T Magmas
All Puna lavas in this study have Zn/Fe T (×10 4 ) values >13 (Table 1; Figs. 4 and 10A), which, according to current understanding (Le Roux et al., 2011) , is a consequence of the mineralogical composition of the mantle source region. Data from Puna lavas sampled by others who report Zn concentrations (Drew et al., 2009; Risse et al., 2013; Guzmán et al., 2006) melt generation and differentiation: fractional crystallization of clinopyroxene and magnetite , 2011 , the oxidation state of the melt source , and metasomatism by fl uids fl uxed from the subducting slab . Clinopyroxene or magnetite fractional crystallization during magma ascent can increase the Zn/Fe T values in magmas, but this cannot explain the high Zn/Fe T values in the most mantle-derived samples from the Puna. Fractional crystallization of clinopyroxene or magnetite from a basaltic magma would fractionate Zn and Fe (Le Roux et al., 2011) and yield lavas with higher Zn/Fe T values and lower wt% MgO and FeO T (see vectors in Fig. 4A ). This could be responsible for the Zn/Fe T values of some of the primitive-group lavas, which have lower Mg and higher Zn/Fe T than the highest-Mg-group lavas (Fig. 4A) ; these primitive-group lavas likely experienced some fractional crystallization of olivine and possibly clinopyroxene prior to eruption. However, clinopyroxene and magnetite fractionation could not have signifi cantly changed the Zn/Fe T of the high-Mg lavas from the Puna region without evolving their major-element composition. Even the most mantle-derived Puna lava sampled to date (PV07-SUR101, 10.3 wt% MgO; Drew et al., 2009) . Therefore, (Kay et al., 1994) in this study (fi lled symbols) and other recent Puna lava studies (open symbols; Guzmán et al., 2006; Drew et al., 2009; Risse et al., 2013) . Arrows interpreting Th/Nb fi elds separated by dotted gray line in C are after Plank (2005) . (B, D) Trace-element ratios plotted against longitude, which is a good proxy for the relative sample distance from the active arc front. Approximate arc front longitude coordinates for 24.5°S to 27°S (SdA-Salar de Arizaro, PV-Pasto Ventura, Anto-Antofagasta basin) and 24.5°S to 23°S (Ch-Chorrillos shoshonites) are indicated by the thick dotted gray lines. MORB-mid-ocean-ridge basalt; OIB-ocean-island basalt.
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an oxidized Puna upper mantle cannot be the explanation for the observed high Zn/Fe T values in the Puna mafi c lavas. This argument for a lack of upper-mantle oxidation in subduction settings is consistent with results from other arcs .
Our use of Zn/Fe T values as indicators of source mineralogy of arc basalts is a new application of this technique, and therefore it is possible that the high Zn/Fe T values refl ect some Zn-rich source or partitioning effect in the metasomatized mantle wedge as yet unidentifi ed. Le suggested that slab fl uids could increase the Zn/Fe T value of peridotite in subduction systems, which would generate higher Zn/Fe T melts. Whereas it is beyond the scope of this paper to experimentally evaluate these potential effects, we suggest that the lack of correlation between Zn/Fe T values and La/Ta (Fig. 10A) , Ba (Fig. 11B) , Rb (Fig. 11C) , Cs, Cu, Pb, and U (Table 1) in the Puna lavas from Pasto Ventura and Antofagasta indicates that there is no Zn-enriched source that corresponds to metasomatized and enriched mantle beneath the Puna Plateau. By this measure, however, the higher Zn/Fe T of the shoshonites from Chorrillos could be attributed to such as source.
In sum, the simplest explanation for the high Zn/Fe T values of the high-Mg-group Puna lavas, especially those from Antofagasta and Pasto Ventura, is a source composition dominated by clinopyroxene and possibly garnet. Even with an extreme peridotite source with Zn/Fe T (×10 4 ) = 11, it appears that there is no way to generate melts with Zn/Fe T (×10 4 ) > 12.5 without the dominant presence of clinopyroxene or garnet at the source .
Garnet in the Source?
Compositional differences between the Antofagasta, Pasto Ventura, and shoshonite lavas could be explained in part by garnet-bearing eclogite in the source(s) of the shoshonites and Pasto Ventura high-Mg-group lavas, although Pasto Ventura heavy (H) REE depletions are not extreme. This is of interest because eclogite (i.e., garnet pyroxenite) is thought to be a key player in lithospheric foundering in the Sierra Nevada (Lee et al., 2006; Ducea, 2002) , and also in the central Andes (Kay and Kay, 1991) . The correlation between La/Yb and Sm/Yb values of the Puna lavas has a break in slope at La/Yb ~30 and Sm/ Yb ~5 (Fig. 9B) , which are values commonly cited as the transition to garnet-bearing sources (Haschke et al., 2006) (Fig. 9C) .
Crustal Contributions to Isotopic Variability
Previous studies have attributed some of the variability in Puna lava whole-rock Sr-Nd isotopic compositions to magma mixing with radiogenic crustal material (up to 25 wt%; Kay et al., 1994; Drew et al., 2009; Risse et al., 2013) . Additionally, oxygen isotope values in primary olivine crystals require that mafi c melts in the Antofagasta region around Cerro Galán had d
18
O values of +6.7‰ to +7.2‰ during or prior to olivine crystallization (Risse et al., 2013; Kay et al., 2011) . These values are above the typical bulk mantle and MORB d 18 O composition (+5.7‰ ± 0.2‰), and Risse et al. (2013) attributed this to early-stage crustal assimilation. This could explain some of the poorly correlated compositions exemplifi ed by this study's lavas from Pasto Ventura. All are primitive-group lavas with identical trace-element patterns (Figs. 5 and 6), including a signifi cant and similar magnitude of Ta-Nb depletion. However, the Nd isotopes from these lavas vary by more than four epsilon units and are decoupled from the other elemental trends (Figs. 7B and 10C ). The absence of lower-crustal and mantle xenoliths in all Puna lavas suggests a relatively slow magma ascent rate, and an increased possibility for cryptic crustal contamination of the magmas (Glazner and Farmer, 1992) .
A minor to moderate amount of crustal mixing is probably also refl ected in the Zn/Fe T trends of the primitive-group lavas from this and previous studies. Sr, Nd, and 206 Pb/
204
Pb isotopic values all correlate with Zn/Fe T values of the primitive-group lavas (Figs. 11C, 11D, and 11E) . The high-Mg-group lavas have a small range of Zn/Fe T values (12.1-14.3) over a moderate range of isotopic values with no regional trend or clear correlation. In contrast, the primitive-group lavas have a much larger range of Zn/Fe T values (12.6-19.1, excluding the shoshonites), and moreevolved isotopic compositions are correlated with higher Zn/Fe T (Figs. 11C, 11D, and 11E) . Evolved magmatic rocks, including the evolved-group lavas from this study (Table 1) mwr212-08 1st pgs page 159 crustal mixing. Therefore, correlations between Zn/Fe T and Nd and Sr isotopic compositions are an expected result of crustal mixing in mantle-derived lavas with Mg compositions that suggest moderate evolution from primary melt compositions. Minor crustal mixing is also a possible reason for the high Zn/Fe T value of the primitive-group Puna shoshonites: Guzmán et al. (2006) attributed the poorly correlated compositions of the Puna shoshonites to crustal assimilation during rapid, turbulent ascent of those magmas.
The anomalously radiogenic Sr isotopic compositions of a few primitive-group and evolved-group lavas from this study (i.e., those offset to the right of the main Puna lava trend in Fig. 7A ) are also likely the product of crustal contamination. The isotopic composition of Puna ignimbrites plots in the same region, suggesting there could be a high-Sr crustal component mixing with some of the Puna lavas (Fig. 7A) .
As other studies have extensively explored Puna crustal mixing, we prefer instead to focus on the other source of compositional diversity in these lavas: variability in the composition of the mantle source region.
Array of Compositions beneath the Puna Plateau
In addition to crustal contamination, the compositional variability in the Puna mafi c lavas is likely the result of variability in the source(s) of these melts. As previous studies have observed (Risse et al., 2013; Drew et al., 2009) Rb ( and perhaps the shoshonites MC11 and MC12. The latter source could be in the lower crust, an isotopic reservoir that typically has a low Rb/Sr composition and a variety of crustal (i.e., negative) ε Nd compositions (Risse et al., 2013) . If the latter end member is lower crustal, however, it would be a crustal contaminant and not a mantle source rock. Given the elemental and isotopic variability amongst high-Mg-group lavas from this and other studies (n = 17, 14 with Sr-Nd isotopic data), we prefer to attribute the variability in the most mantle-derived lavas to a heterogeneous Puna upper mantle.
Orogenesis combined with continuous or punctuated convective overturn below the Puna Plateau would produce a lower lithosphere that is an amalgamation of accumulating residues from arc magmatism (Elkins-Tanton, 2007) , material removed from the forearc during subduction erosion , underthrust continental lithospheric mantle from the retroarc transported toward the trench during shortening (DeCelles et al., 2009) , residual pockets of unfoundered dense material, and upwelled asthenosphere subsequently frozen into the lithospheric mantle (Figs. 12B and 12C ). Which parts of this lithospheric mixture generate melts is a function of modal fertility, volatile content, and changes in pressure and/or temperature (Elkins-Tanton, 2007) , which are not necessarily directly related to factors that would dictate the isotopic composition of those melting regions.
This heterogeneity might extend into the convecting upper mantle because it is likely isolated from fresh depleted mantle. The Puna Plateau is at the center of a continuous subduction zone that is ~7000 km in length. If depleted mantle is not present in signifi cant volumes, it could be because the central Andes is a zone of upper-mantle stagnation (Schellart et al., 2007) , in contrast to the northern and southern edge of the subduction system thousands of kilometers away. In that case, the convecting mantle in this region is eddy-like, fi lled with material shed by the local oceanic and continental plates for millions of years.
Model for Pyroxenite Melting during Lithospheric Foundering
The Zn/Fe T values of the high-Mg lavas on the Puna Plateau appear to require dominantly clinopyroxene ± garnet in materials melting to produce the Puna mafi c lavas. This has implications for the mechanism(s) driving melting in the region. Figure 12. Summary of the mantle-drip hypothesis for generating primitive melts during lithospheric foundering: (A) Pressure-temperature (P-T) diagram after Ducea et al. (2013) showing hypothetical downward path for a descending pyroxenite drip (PXT, blue arrow) and adiabatic upward path for mantle peridotite upwelling to replace dripping lithospheric pyroxenite (PER, green arrows). The pyroxenite solidus is at lower T and higher P than the peridotite solidus, so lithospheric pyroxenites, including eclogites, would melt fi rst and generate a greater percent melt along different P-T pathways when they exchange places during a foundering event. (B) Schematic cross section from west to east across the south-central Andes at ~26°S. Depth of lithosphere-asthenosphere boundary (LAB) is after Tassara and Echaurren (2012) .
(C) Cartoon cross-sectional view at the lithosphere-asthenosphere boundary beneath the Puna Plateau showing the proposed heterogeneity in composition, fertility, and density in the lower lithosphere and how that would play a key role in controlling the composition and volume of primary mantle melts generated in this setting. Lithospheric materials involved in foundering and melting could include accumulating residues from arc volcanism, remnant Famatinian crust and upper mantle, upwelled frozen asthenosphere, underthrust South American lithosphere, and material moved from the forearc during subduction erosion. Ol-olivine; Opx-orthopyroxene.
mwr212-08 1st pgs page 161 abundant observations that point toward lithospheric loss from the Puna Plateau since the late Miocene, these results suggest an updated model for magmatism produced during convective removal of the lower lithosphere in cordilleran arc systems like the central Andes in which the lithospheric material foundering is itself the source of the primary melt. This links the materials driving foundering with the composition of the resulting melts, and it is contrary to the classic model in which upwelling in the wake of delaminating blocks results in decompression melting of relatively homogeneous peridotite (i.e., olivine-and orthopyroxene-dominated mantle). A principal role for clinopyroxene-bearing rocks (including pyroxenites and eclogites) in both foundering and melt generation fi ts well with current understanding of this process because pyroxenites, with or without garnet and/or amphibole and phlogopite, are common components of the subcontinental lithospheric mantle (Wilshire et al., 1988) and in arc settings occur as frozen veins of melt or as magmatic residues (Lee et al., 2006; Jull and Keleman, 2001) . Furthermore, many pyroxenites, particularly eclogites, are denser than average peridotite mantle at uppermantle P-T conditions (Jull and Keleman, 2001; Ducea, 2002; Hacker, 2004) and would therefore be present in gravitationally unstable parts of the lower lithosphere. Also, solidus temperatures for various pyroxenite compositions, particularly those with some volatile content (Elkins-Tanton, 2007) , are commonly lower than for dry peridotite at upper-mantle conditions (Hirschmann and Stolper, 1996; Kogiso, 2004) , and therefore pieces of foundering lithosphere are more likely to melt than the asthenosphere that adiabatically upwells in their wake (Fig. 12A) .
In the "mantle-drip" (Ducea et al., 2013) or melting-drip model we propose (Fig. 12) , the composition and size of the descending lithospheric drips, as well as their descent velocity, would control the amount of devolatilization and melting they experience (Elkins-Tanton, 2007) . We hypothesize that smaller drips would heat up faster than larger drips and hit a solidus sooner after foundering. Additionally, smaller drips would also drive less convection in the asthenosphere and be less likely cause decompression melting (Elkins-Tanton, 2007) . In contrast, during the foundering of large or rapidly descending pieces of lithosphere, the upwelling peridotite would be more likely to melt via decompression and contribute some melt to these magmas. We predict that if multiple batches of melts were generated from the same dripping event, the fi rst should have the lowest melting temperatures, and the last should have the highest melting temperatures. If the lithospheric drip was large enough or descended fast enough into the convecting mantle to generate decompression melting in the asthenosphere, then the resulting peridotite-sourced melts should (1) have among the highest melt temperatures and (2) should be the youngest, because such melting would happen in the wake of the downgoing drip. Ducea et al. (2013) tested these predictions using the silicaactivity thermometer , olivine thermometer (Putirka, 2008) , and Ar-Ar geochronology. They postulated that each regional volcanic fi eld on the Puna Plateau (Pasto Ventura, Antofagasta, Arizaro) was the locus of a lithospheric dripping event. As predicted, they found that the melt temperatures in each region were correlated with Zn/Fe T values, and the older lavas had lower melting temperature than younger lavas. Additional thermometry and geochronology on the Puna lavas would further evaluate these fi ndings. If indeed the regional volcanic fi elds on the Puna Plateau were each the locus of one (or more) related lithospheric dripping events, then each would have a compositional diversity inherited from the foundering material and modulated by the volume of the foundered piece(s) and perhaps some upwelling asthenosphere. Additionally, the geographic trend interpreted by Kay et al. (1994) could indeed refl ect variations in the extent of lithospheric foundering.
For example, the high-Mg lavas from Antofagasta with relatively fl at trace-element and REE patterns would have a lithospheric source with some component of peridotitic asthenosphere (i.e., the OIB-like signature of Kay et al., 1994) . These lavas are the least enriched and arc-like of the Puna lavas and have some of the lowest Zn/Fe T values. In our model, this refl ects lithospheric removal that was frequent, rapid, or voluminous enough to not only melt the downgoing drips, but also perhaps to generate small amounts of peridotitic melt. It is also possible that the foundering lithosphere in this region is simply less enriched in incompatible elements than neighboring foundering lithosphere. In the Pasto Ventura region, the elemental compositions of the primitive lavas are nearly identical to each other, suggesting they were all sourced from a single piece of lithosphere or several drips from the same lithospheric composition. The isotopic variability in this region could be the result of minor mixing with asthenospheric melts or lower-crustal material. The Salar de Arizaro lavas are likely similar, with more crustal contributions accounting for the most-evolved lavas in the region. The Puna shoshonites also fi t this model and represent the most enriched part of the Puna lower lithosphere involved in melting. Their high Mg numbers, high Zn/Fe T (×10 4 ) values (>19), evolved Sr-Nd isotopic ratios, steep REE patterns, signifi cant Eu anomalies, extreme enrichment in LILEs, and high K compositions suggest the source was dominated by garnet-rich, old, enriched lithosphere, perhaps with some lower-crustal, plagioclase-rich component.
Implications for Lithospheric Foundering in the South-Central Andes
In the melting-drip model, foundering pieces of lithosphere do not need to be tens of kilometers in diameter in order to generate mantle melts, as is commonly suggested by schematic cartoons (see fi gure 11 in Kay et al., 1994 ; fi gure 13 in . The evidence we present for dominantly pyroxenite melting is not a measure of the absolute volume of drips foundered from the Puna lithosphere. It does, however, offer some new insight: If the downgoing lithosphere (and not the upwelling asthenosphere) is generating these "delamination magmas," then (1) a much wider range of drip volumes could be responsible for melt generation than previously thought and (2) smaller mwr212-08 1st pgs page 162 lithospheric pieces are more likely to melt during lithospheric foundering than larger ones. Additionally, the apparent absence of a depleted-mantle end member in the fi rst-row transition element ratios and the Nd-Sr isotopic values of these lavas suggests there was not voluminous enough (or rapid enough) convective overturn in the Puna upper mantle to generate dominantly peridotite-sourced melt. Geophysical imaging of the upper mantle in the central Andes resolves broad heterogeneities beneath the Puna region that are tens to hundreds of kilometers in diameter (Schurr et al., 2006; Bianchi et al., 2013) . As suggested by our schematic cartoon in Figure 12C , we postulate that melt-generating foundering events could involve lithospheric drips that have kilometer-scale diameters. This is smaller than can currently be resolved by geophysical observations in the central Andes. We predict that as the resolution of these observations continues to improve, such heterogeneities will become more evident.
Catastrophic loss of large volumes of Andean lower lithosphere has been called upon to explain apparently rapid geodynamic changes in elevation of the Altiplano-Puna Plateau (cf. Garzione et al., 2008) , and more broadly as a part of the orogenic cyclicity hypothesis of DeCelles et al. (2009) . Our fi ndings from the ~10 m.y. record of mantle melting archived in Puna mafi c lavas are best explained by a piecemeal process of localized foundering events. The geodynamic response (i.e., change in surface topography, basin formation, faulting) to any single foundering event would likely be proportionally small, though a cluster of lithospheric drip events could conspire to generate a geodynamic response.
We postulate that in the same way that cordilleran arcs have a "background" rate of magma production punctuated by periodic high-fl ux events (DeCelles et al., 2009 , and references therein), foundering-generated magmatism should have a complementary rate. That is to say, once an orogen reaches suffi cient proportions (i.e., thick lithosphere with voluminous arc activity), small lithospheric loss events may occur frequently, producing small-volume mantle melts sourced from lithospheric drips. In contrast, catastrophic foundering events would be infrequent responses to signifi cant shifts in the properties of the orogen that control the accumulation of dense lithospheric mantle and its ability to founder. The frequency of small lithospheric dripping events (and the net loss of lithosphere over a given time period) would be modulated over tens of millions of years by orogenic processes. For example, fl are-ups in magmatic activity would rapidly generate large volumes of residual material that would tend toward eclogite compositions and gravitational instability (Ducea, 2001) , while during periods of fl at-slab subduction, the presence of the slab close to the base of the lithosphere would prevent foundering.
From this perspective, the ~10 m.y. record of mafi c volcanism available on the Puna Plateau is just recording the "normal" noise of the cordilleran arc and its accumulation and evacuation of dense residual material. Preservation of such magmatic products in the geologic record would be sparse, because, as exemplifi ed on the Puna Plateau mafi c lavas, these melts are low in volume and often erupt in regions that also regularly experience voluminous volcanism, if they are erupted at all. Their elemental and isotopic variability refl ects the heterogeneity of the lower lithosphere that is prone to foundering and melting, and this heterogeneity is itself a result of convergence, crustal thickening, arc magmatism, and lithospheric foundering (Elkins-Tanton, 2005) .
CONCLUSIONS
In long-lived convergent orogens like the central Andes, the lithosphere is heterogeneous because its geochemistry and structure refl ect prolonged accumulation and removal of crustal and mantle mass. Although our results broadly agree with previous workers (Kay et al., 1994) who proposed that Puna mafi c lavas are the product of lithospheric foundering, we propose that lithospheric and not asthenosphere material(s) is the source of these melts. The fi rst-row transitional elements Zn and Fe provide this insight because their partitioning during mantle melting is sensitive to the difference between mantle sources with dominantly olivine + orthopyroxene (asthenospheric peridotite) and sources with dominantly clinopyroxene ± garnet (lithospheric pyroxenites and eclogites). The Zn/Fe T evidence for pyroxenite ( ±garnet)-dominated lithospheric sources of these lavas is a new and invaluable perspective on their elemental and isotopic compositions, which are characterized by nonunique variability.
Pyroxenites (±garnet) are likely to be the gravitationally unstable components of the Andean lower lithosphere (Lee et al., 2006; Ducea, 2002) and would be more likely to generate melts during foundering than upwelling peridotitic mantle asthenosphere (Fig. 12) . As a result, it is not necessary to catastrophically founder large volumes of the lithosphere to generate the Puna mafi c lavas, as is commonly suggested in schematic diagrams of this process Kay et al., 2013) . Instead, our melting-drip model proposes that the fusible parts of small foundered pyroxenite drips melt during their thermal equilibration with the upper mantle. The resulting magmas are erupted as the Puna mafi c lavas. Small-scale dripping of pyroxenite (±garnet)-bearing lithosphere would generate melts with heterogeneous and nonsystematic elemental and isotopic compositions because those pyroxenites are not only sourced from the modern arc cumulates and actively underthrusting continental lithosphere, but they are also inherited from earlier orogenic events in the region.
In sum, the classic model of delamination magmatism remains applicable to rapid foundering of very large pieces of the lower lithosphere, but our results suggest that piecemeal drizzle--and not catastrophic foundering--of dense garnet pyroxenites is a common mode of evacuating unstable lithosphere from beneath active cordilleran orogens. This is likely a common feature of the lithosphere in a long-lived and still-active convergent orogen like the central Andes, which has experienced repeated and prolonged orogenesis during the last 450 m.y.
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APPENDIX
For whole-rock major-and trace-element and isotopic analysis, each sample was screened for weathered surfaces and secondary phases before powdering in an Al 2 O 3 -lined container. Powder aliquots were sent to the Geoanalytical Laboratory in the School of Earth and Environmental Sciences at Washington State University for major-and trace-element analysis by X-ray fl uorescence (XRF) (Johnson, 1999) and inductively coupled plasma-mass spectrometry (ICP-MS). At the University of Arizona, 30-40 mg aliquots of whole-rock powder for each sample were dissolved in a hot mixture of concentrated HF and HNO 3 and spiked with Rb, Sr, and mixed Sm-Nd isotope spike solution (Otamendi et al., 2009) . Rb, Sr, and the bulk of the REEs were separated in conventional cation columns fi lled with AG50W-X4 resin with 1 N to 4 N HCl. Cation column wash was subsequently used for Pb separation in Sr-Spec resin columns (Eichron, Darien, Illinois). Pb washes were loaded into the SrSpec columns in 8 N HNO 3 , and the Pb was eluted using 8 N HCl (Drew et al., 2009 ). Nd and Sm separation from other REEs was achieved in anion columns fi lled with LN Spec resin using 0.1 N to 0.5 N HCl; half of the separations were performed in single-use 2 mL resin columns, and the other half in 6 mL resin columns.
Isotopic analyses were conducted at the University of Arizona, using thermal ionization mass spectrometry (TIMS) for Sr and Nd analysis, and multicollector (MC) ICP-MS in solution mode for Pb analysis. TIMS analyses were conducted on both an automated VG Sector MC instrument with adjustable 10 11 Ω Faraday collectors and a Daly photomultiplier (Otamendi et al., 2009 ) and a VG Sector 54 instrument (Ducea, 2002) . Sr and Rb cuts were loaded with a Ta 2 O 5 slurry onto a single Ta fi lament. Nd and Sm cuts were loaded onto single Re fi laments using resin beads. Concentrations of Rb, Sr, Sm, and Nd were determined by isotope dilution, with isotopic compositions determined on the same spiked runs. An off-line manipulation program was used for isotope dilution calculations. Typical runs consisted of acquisition of 100 isotopic ratios. The mean result of 10 analyses of the standard NRbAAA performed during the course of this study is: Nd/ 144 Nd = 0.0012%. Procedural blanks averaged from fi ve determinations were: Rb = 10 pg, Sr = 150 pg, Sm = 2.7 pg, and Nd = 5.5 pg. Pb isotope analyses were conducted on a GV Instruments MC-ICP-MS (Thibodeau et al., 2007) . All Pb samples were spiked with a Tl solution to acquire a Pb/Tl ratio of ~10 prior to analysis. Samples then entered the machine via free aspiration into a water-cooled chamber by way of a low-fl ow concentric nebulizer. A 2% HNO 3 blank was run before each sample, and the standard National Bureau of Standards (NBS)-981 was analyzed periodically during the sample run to ensure the stability of the instrument.
